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Description 

The  present  invention  relates  to  a  phase-lock  loop  circuit  (PLL)  with  fuzzy  control. 
As  is  known,  the  Phase  Lock  Loop  (PLL)  is  the  electronic  system  that  allows  to  match  and  follow  the  phase  of  an 

5  input  signal  with  the  phase  of  a  locally  generated  signal. 
Simple  circuits  are  normally  used  to  provide  this  function,  such  as  a  phase  comparator,  a  voltage-controlled  oscil- 

lator  (VCO),  and  a  low-pass  filter  connected  in  a  particular  negative-feedback  configuration  that  adapts  to  phase  var- 
iations  of  the  input  signal  and  thus  to  its  frequency  variations. 

The  structure  of  a  conventional  PLL  is  shown  in  figure  8.  The  conventional  PLL  is  essentially  composed  of  a  phase 
10  comparator  2,  a  voltage-controlled  oscillator  4,  and  a  low-pass  filter  3. 

The  purpose  of  the  phase  comparator  2  is  to  provide  information  on  the  phase  difference  between  the  input  signal 
x  and  the  signal  y  generated  inside  the  PLL  by  the  voltage-controlled  oscillator  4. 

A  typical  example  of  transfer  curve  of  the  phase  comparator  2  is  shown  in  figure  9.  The  first  fundamental  charac- 
teristic  of  the  phase  comparator  2  is  the  periodic  nature  of  the  criterion  h  that  links  the  input  and  the  output,  i.e.: 

15 

z  =  h(AO) 

where  z  is  the  output  signal  of  the  comparator  2  and  A<D  is  the  phase  difference  between  the  two  input  signals  x  and  y. 
20  The  second  fundamental  characteristic  of  the  phase  comparator  2  is  the  nonlinearity  of  h  within  each  period. 

The  voltage-controlled  oscillator  4  has  the  purpose  of  generating  an  output  signal  y(t)  which  is  associated  with  the 
input  of  the  phase  comparator  2.  The  frequency  of  the  oscillator  4  is  driven  by  means  of  a  single  voltage  input.  It  should 
be  noted  that  the  relation  between  the  value  of  the  input  voltage  that  originates  from  the  filter  3  and  the  output  frequency 
of  the  oscillator  4  may  have  a  nonlinear  ratio. 

25  The  low-pass  filter  3  has  the  fundamental  purpose  of  closing  the  feedback  loop  and  of  permanently  setting  the 
static  and  dynamic  characteristics  of  the  PLL.  Operation  of  the  PLL  is  in  fact  mainly  conditioned  by  the  order  and  type 
of  the  filter  used. 

A  simplified  layout  of  the  conventional  lock  circuit,  designated  by  the  reference  numeral  1,  is  shown  in  figure  7. 
The  typical  waveform  in  input  to  the  PLL  1  is  given  by  the  function: 

30 

x(t)  =  gT(wgt  +  Og) 

whereas  the  typical  form  of  the  periodic  signal  in  output  is: 
35 

y(t)  =  fT(Wft  +  Of) 

The  purpose  of  the  conventional  PLL  circuit  is  to  equalize  the  phase  and/or  frequency  of  the  two  signals. 
40  Different  situations  can  arise  according  to  the  initial  frequency  difference  of  the  two  signals. 

If  lwf-wgl  >  \  AwL,  where  AwL  is  the  locking  range  of  the  PLL,  the  circuit  will  tend  to  lock  gradually,  exhibiting  cycle 
skipping.  This  condition  generally  has  the  drawback  of  being  excessively  long;  if  the  loop  does  not  converge,  it  becomes 
infinitely  long.  This  situation  must  therefore  be  avoided  absolutely  in  normal  operating  conditions. 

If  instead  lwf-wgl  <  AwL,  the  output  signal  of  the  PLL  circuit  will  correctly  follow  the  phase  and/or  frequency  variations 
45  in  input,  and  this  is  the  optimum  operating  condition. 

A  particular  factor  of  such  phase-lock  circuits  is  the  lock-in  range,  i.e.  the  almost  always  limited  frequency  range 
that  allows  the  correct  operation  of  the  system,  i.e.  the  ability  of  the  PLL  to  follow  any  phase  and/or  frequency  variation 
so  long  as  it  lies  within  said  range,  which  is  the  widest  possible. 

From  this  point  of  view  the  need  to  keep  this  range  as  wide  as  possible  is  evident.  This  goal,  however,  can  entail 
50  problems  for  other  important  factors  of  the  PLL;  the  most  critical  is  behavior  with  respect  to  noise. 

From  Electronics  &  Communications  in  Japan,  Part  l-Communications,  vol.  76,  no.  9,  1  993,  New  York  US,  pagine 
44-54,  it  is  known  a  phase-lock  circuit  with  fuzzy  control  as  defined  in  the  preable  of  independent  claim  1  . 

The  aim  of  the  present  invention  is  to  provide  a  phase-lock  circuit  with  fuzzy  control  that  can  considerably  extend 
its  lock-in  range  with  respect  to  known  circuits. 

55  Within  the  scope  of  this  aim,  an  object  of  the  present  invention  is  to  provide  a  circuit  that  allows  a  control  that  is 
independent  of  the  type  of  phase  comparator  used. 

Another  object  of  the  present  invention  is  to  provide  a  circuit  that  can  reduce  locking  times  with  respect  to  known 
circuits. 

2 
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Another  object  of  the  present  invention  is  to  provide  a  circuit  that  is  highly  reliable,  relatively  easy  to  manufacture, 
and  at  low  costs. 

This  aim,  these  objects  and  others  which  will  become  apparent  hereinafter  are  achieved  by  a  phase-lock  circuit 
with  fuzzy  control  as  defined  in  claim  1  . 

5  Further  characteristics  and  advantages  of  the  invention  will  become  apparent  from  the  description  of  a  preferred 
but  not  exclusive  embodiment,  illustrated  only  by  way  of  non-limitative  example  in  the  accompanying  drawings,  wherein: 

figure  1  is  an  example  of  a  fuzzy  set  and  of  degrees  of  membership  functions; 
figure  2  is  an  example  of  a  MAX/MIN  fuzzy  inference; 

10  figure  3  is  an  example  of  a  MAX/DOT  fuzzy  inference; 
figure  4  is  an  example  of  a  crisp-type  membership  function; 
figure  5  is  an  example  of  fuzzy  calculus  with  crisp  values; 
figure  6  is  an  example  of  a  fuzzy  computational  model; 
figure  7  is  a  simplified  diagram  of  a  known  phase-lock  circuit; 

is  figure  8  is  a  block  diagram  of  a  known  phase-lock  circuit; 
figure  9  plots  the  transfer  curve  of  the  phase  comparator; 
figure  1  0  is  a  simplified  block  diagram  of  the  circuit  according  to  the  present  invention; 
figure  1  1  is  a  block  diagram  of  the  circuit  according  to  the  present  invention; 
figure  12  plots  comparisons  of  frequency  spectra  of  a  known  phase-lock  circuit  and  of  the  circuit  according  to  the 

20  present  invention; 
figure  13  plots  fuzzy  membership  functions  of  the  circuit  according  to  the  present  invention. 

In  order  to  better  explain  the  inventive  concept  of  the  present  invention  it  is  necessary  to  make  an  introductory 
premise  on  fuzzy-logic  control  technique,  which  is  used  in  the  circuit  and  the  process  according  to  the  present  invention. 

25  Fuzzy  logic,  differently  from  systems  based  on  classical  logic,  attempts  to  model  the  reasoning  methods  that  are 
typical  of  the  human  mind,  allowing  to  make  rational  decisions  in  uncertain  and  inaccurate  environments. 

Fuzzy  logic  offers  a  set  of  rules  which  can  cope  with  non-exact  facts  expressed  by  means  of  the  semantics  of  a 
linguistic  method. 

The  basic  concepts  of  fuzzy  logic  are  linguistic  variables  and  fuzzy  sets,  the  latter  being  characterized  by  mem- 
30  bership  functions. 

Fuzzy  logic  allows  to  work  with  linguistic  descriptions  of  reality;  this  means  that  a  problem  is  not  characterized 
exactly  (like  a  mathematical  model)  but  is  given  as  a  linguistic  representation  of  the  algorithms.  A  particular  class  of 
variables,  known  as  linguistic  variables,  is  used  to  represent  the  information  that  becomes  available  during  the  linguistic 
description  step.  Linguistic  variables  are  characterized  by  the  type  of  values  that  can  be  assigned  to  them:  this  kind  of 

35  word  includes  words  or  sentences  in  any  natural  or  artificial  language. 
Accordingly,  linguistic  variables  contain  the  semantic  meaning  of  the  sentences  used  in  modelling  the  problem. 

Syntactically  speaking,  a  set  of  values  that  depends  on  the  selected  variable  can  be  found  for  each  linguistic  variable. 
This  set  can  assume  different  meanings  according  to  the  context  in  which  it  is  used. 

For  each  linguistic  variable  it  is  possible  to  provide  a  table  that  summarizes  all  the  values  that  said  variable  can 
40  assume.  These  values  can  generally  be  obtained  by  applying  appropriate  modifiers  to  a  primary  term,  which  represents 

the  variable,  or  to  its  opposite.  The  following  table  gives  an  idea  of  this. 

Linguistic  variable  name:  TEMPERATURE 
Primary  term  COLD 
Opposite  WARM 
Modifiers  NOT,  VERY,  MORE,  or  LESS 

Fuzzy  sets  and  the  associated  membership  functions  are  closely  linked  to  the  above  mentioned  linguistic  variables. 
Each  value  assigned  to  a  linguistic  variable  is  in  fact  represented  by  a  fuzzy  set. 

A  fuzzy  set  can  be  considered  as  a  distribution  of  possibilities  that  links  a  particular  value  of  a  linguistic  variable 
to  a  definition  domain  (the  universe  of  discourse).  If  a  fuzzy  set  is  plotted  on  a  chart,  the  degrees  of  membership  (or 
truths)  are  plotted  on  the  axis  of  ordinates,  whereas  the  universe  of  discourse,  i.e.  the  definition  domain  of  the  fuzzy 
variable  (in  this  case,  the  temperature  and  the  related  fuzzy  set),  is  plotted  on  the  axis  of  abscissae. 

This  domain  can  be  a  continuous  space  {x}  or  a  discretized  representation  {x1  ....x2}.  For  example,  if  X  is  a  tem- 
perature,  {x}  represents  its  range  of  variability,  whereas  {x1  x2}  represents  the  discrete  values  that  characterize  it. 

Membership  functions  u.(x)  are  functions  that  identify  a  fuzzy  set  in  the  universe  of  discourse  that  is  characteristic 
of  a  linguistic  variable  and  associate  a  degree  of  membership  of  a  given  value  to  the  fuzzy  set  for  each  point  of  the 

3 
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definition  domain  (universe  of  discourse),  accordingly  mapping  the  universe  of  discourse  in  the  interval  [0,1]. 
A  membership  value  u.(x)=0  indicates  that  point  x  is  not  a  member  of  the  fuzzy  set  being  considered,  which  is 

identified  by  the  function  u,,  whereas  a  value  u.(x)=1  indicates  that  the  value  x  is  certainly  a  member  of  the  fuzzy  set. 
Membership  functions  are  entities  on  which  fuzzy  calculus  is  performed;  this  calculus  is  performed  by  means  of 

5  appropriate  operations  on  the  sets  represented  by  the  membership  functions. 
The  collection  of  all  the  fuzzy  sets  of  a  linguistic  variable  is  known  as  a  "term  set".  Figure  1  summarizes  the 

definitions  given  earlier.  Figure  1  ,  for  the  sake  of  graphic  simplicity,  plots  triangular  membership  functions  u.C0|d,  Hmedium 
and  which  can  generally  be  represented  by  any  linear  or  non-linear  function. 

The  adoption  of  a  particular  computational  model  is  one  of  the  factors  that  affect  the  performance  of  the  device. 
10  However,  the  fuzzy  control  process  for  phase-lock  circuits  according  to  the  present  invention  can  be  implemented  with 

any  fuzzy  computational  model. 
Examples  of  these  computational  models  will  be  described  hereinafter. 
At  the  high  level,  a  fuzzy  program  is  a  set  of  rules  of  the  IF-THEN  type.  The  following  example  shows  a  set  of  three 

rules  with  two  inputs  (A  and  B)  and  two  outputs  (C  and  D).  The  various  terms  A1  ,  A2....  D3  represent  the  knowledge 
is  of  the  system,  obtained  from  expert  technicians  or  in  other  ways,  in  the  form  of  membership  functions: 

rule  1:  IF  [(A  is  A1)]  AND  (B  is  B1)]  THEN  [(C1  is  AND  (D1  is  D^] 
rule  2:  IF  [(A  is  A2)]  AND  (B  is  B2)]  THEN  [(C2  is  C2)  AND  (D2  is  D2)] 
rule  3:  IF  [(A  is  A3)]  AND  (B  is  B3)]  THEN  [(C3  is  C3)  AND  (D3  is  D3)] 

20 
The  part  of  each  rule  that  precedes  THEN  is  commonly  termed  "left  part"  or  "antecedent",  whereas  the  part  that 

follows  THEN  is  termed  "consequent"  or  "right  part". 
The  inputs  A  and  B,  after  being  appropriately  fuzzified,  i.e.  converted  into  membership  functions,  are  sent  to  the 

rules  to  be  compared  with  the  premises  stored  in  the  memory  of  the  control  device  (the  IF  parts).  Multiple  rules  are 
25  combined  simply  by  means  of  a  fuzzy  union  operation  on  the  membership  functions  that  are  the  result  of  each  rule. 

Conceptually,  the  better  the  equalization  of  the  inputs  with  the  membership  function  of  a  stored  rule,  the  higher 
the  influence  of  said  rule  in  overall  computation. 

In  order  to  determine  this  equalization,  weight  functions  which  identify  some  particularly  indicative  values  are  de- 
termined.  One  of  these  weight  functions  is  the  function  a,  which  indicates  the  extent  to  which  the  input  propositions 

30  (A1  ,  B1  )  match  the  stored  premises  (A,  B).  In  the  above  example  of  rules,  the  function  a  is  given  as: 

a  A  =  max(  min(A1  ,Aj)) 

35  aB  =  max(min(B1,Bi)) 

for  i  =  1  ,  2,  3  (number  of  rules). 
The  second  weight  function  is  Qh  which  indicates  the  extent  of  the  "general  resemblance"  of  the  IF  part  of  a  rule. 

40  For  the  above  example,  the  function  Q;  is  calculated  as: 

^  =  min(aA,  a,8—) 

45  for  i  equal  to  the  number  of  rules  and  with  as  many  items  inside  the  parentheses  as  there  are  propositions  (the  IF  part) 
of  each  rule.  As  an  alternative  to  the  above  membership  function,  a  weight  function  equal  to  the  product  of  the  individual 
membership  values  is  usually  used: 

°i  =  «A*«B 

These  values,  which  in  practice  define  the  activation  value  of  the  antecedent  of  the  fuzzy  inference,  are  used 
subsequently  to  calculate  the  activation  value  of  the  consequent  (i.e.  the  right  part). 

As  far  as  this  subject  is  concerned,  two  different  inference  methods  are  generally  considered:  MAX/DOT  and  MAX/ 
55  MIN.  Essentially,  both  methods  act  by  modifying  the  membership  functions  of  the  consequent  by  means  of  a  threshold 

value  supplied  by  the  antecedent. 
The  MAX/MI  N  method  acts  by  clipping  the  membership  functions  related  to  the  consequent  in  the  manner  shown 

in  figure  2.  The  rule  of  the  fuzzy  inference  of  figure  2  is  as  follows: 

4 
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IF  alpha  IS  low  AND  delta  IS  high  THEN  gamma  IS  medium 
As  regards  the  values  "alpha"  and  "delta"  in  input,  one  uses  the  related  lower  (threshold)  membership  value  with 

which  the  membership  function  of  the  output  "gamma"  is  clipped.  In  practice,  the  membership  function  in  output  will 
have  no  value  higher  than  the  threshold  value. 

5  The  MAX/DOT  method  instead  acts  by  modifying  the  membership  functions  of  the  right  part  (the  consequent,  so 
that  the  membership  function  of  the  output  is  "compressed",  while  however  trying  to  maintain  its  original  shape  as 
much  as  possible.  The  MAX/DOT  method  for  the  same  rule  as  above  is  shown  in  figure  3. 

In  the  case  of  fuzzy  control  it  is  possible  to  simplify  the  calculation  of  the  weights  a.  It  is  in  fact  possible  to  consid- 
erably  reduce  the  amount  of  calculation  by  assuming  that  one  is  dealing  with  a  degenerate  case  of  fuzzy  calculus  in 

10  which  the  input  variables  are  not  fuzzy  sets  (ambiguous  values)  but  are  variables  which  generally  originate  from  sensors 
and  are  thus  definite  numeric  values.  The  input  data  are  not  fuzzy  sets  but  crisp  values. 

In  order  to  represent  these  values  within  a  fuzzy  system,  they  must  be  converted  into  crisp  membership  functions, 
i.e.  into  particular  membership  functions  which  have  an  activation  value  of  1  ("TRUE")  at  the  point  which  corresponds 
to  the  value  provided  in  input.  Equally,  these  crisp  values  have  a  zero  ("FALSE")  value  in  the  remaining  part  of  the 

is  definition  range.  This  concept  is  shown  in  figure  4. 
In  order  to  convert  a  physical  value,  provided  for  example  by  an  external  sensor,  into  a  fuzzy  value,  it  is  thus 

sufficient  to  assign  the  maximum  truth  value  that  is  characteristic  of  the  system  to  the  point  of  the  definition  range  that 
is  identified  by  the  measured  value.  With  reference  to  computation,  this  means  that  the  case  shown  in  figure  5  always 
occurs. 

20  Calculation  of  the  weights  a  in  the  particular  case  of  figure  5,  where  there  are  crisp  values  such  as  occur  in  the 
case  of  machines  that  control  physical  values,  becomes  merely  a  matter  of  finding  the  intersection  aB  and  aA  of  the 
input  variables  with  the  membership  functions  imposed  by  the  term  sets  A  and  B. 

The  weights  thus  calculated  are  then  used  for  computation  on  the  consequent  of  the  fuzzy  inference  (i.e.  on  the 
fuzzy  rules). 

25  It  should  be  noted  that  for  control  systems  as  in  the  case  of  the  present  invention,  the  output  of  the  fuzzy  regulator 
must  be  a  definite  physical  value  of  the  control  criterion.  Generally,  once  the  inference  has  been  performed  on  the  right 
part  of  the  fuzzy  rules,  a  fuzzy  set  is  obtained;  it  is  accordingly  necessary  to  defuzzify  i.e.  to  extract  a  definite  numeric 
value  from  the  calculated  fuzzy  set.  There  are  various  defuzzification  methods,  such  as  for  example  the  centroid  meth- 
od,  the  maximum  height  method,  etc.  In  practice,  for  reasons  related  to  numeric  precision  the  most  widely  used  method 

30  is  the  centroid  method,  according  to  which: 

35 Y  = 

n  

i = i  

n  

1 

where  n  is  the  number  of  rules  and  C  represents  the  centroids  (centers  of  gravity)  of  the  membership  functions  of  the 
40  consequents  of  each  rule,  appropriately  modified  by  using  the  MAX/MI  N  or  MAX/DOT  method.  The  functions  Q  are 

determined  as  described  earlier,  using  either  the  minimum  among  the  functions  a  or  the  product  thereof.  This  compu- 
tational  model  is  referenced  as  the  MAMDANI  computational  model.  As  an  alternative,  it  is  also  possible  to  use  another 
alternative  fuzzy  computational  model,  referenced  as  SUGENO  model,  in  which  defuzzification  is  performed  simply  by 
means  of  the  following  rule: 

n  
y  =  S  fli  •  ct i  

i = l  
50 

In  the  above  equation,  Q0  is  always  equal  to  1  .  In  practice,  the  defuzzified  value  is  determined  by  a  linear  combination 
of  the  activation  values  of  each  individual  rule. 

With  reference  to  figure  6,  in  the  case  of  a  fuzzy  controller,  the  input  values  are  numeric  values  (input  1  -n)  which 
55  originate  from  sensors.  In  this  case  it  is  necessary  to  fuzzify  these  values  to  obtain  fuzzy  values  a,  apply  the  fuzzy 

inference  (the  rules)  to  obtain  the  weight  functions  Q  of  said  fuzzy  values,  and  finally  defuzzify  these  weight  functions 
Q  so  as  to  obtain  a  definite  numeric  value  y  in  output. 

The  simplified  block  diagram  of  the  phase-lock  loop  circuit  is  shown  in  figure  1  0.  A  fuzzy  controller  5  is  added  to 

5 
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the  structure  of  the  conventional  PLL  1  and  receives  the  phase  error  z. 
The  output  of  the  fuzzy  controller  5  is  a  signal  which  is  termed  injection  signal  Vinj. 
The  detailed  structure  of  the  circuit  according  to  the  present  invention  is  shown  in  figure  11  .  The  circuit  comprises 

the  conventional  elements  of  a  PLL,  i.e.  the  phase  comparator  2,  the  low-pass  filter  3,  and  the  voltage-controlled 
5  oscillator  4. 

The  input  of  the  fuzzy  controller  5  is  connected  to  the  output  of  the  comparator  2,  so  as  to  receive  in  input  the 
phase  error  signal  z.  The  output  of  the  fuzzy  controller  5  is  instead  connected  to  an  adder  node  6  which  is  interposed 
between  the  low-pass  filter  3  and  the  voltage-controlled  oscillator  4.  In  this  manner,  the  output  signal  of  the  fuzzy 
controller  5  is  added  to  the  output  of  the  low-pass  filter  3. 

10  In  this  manner,  the  input  of  the  voltage-controlled  oscillator  4  receives  a  signal  that  is  the  sum  of  the  injection 
voltage  generated  by  the  fuzzy  controller  5  and  of  the  voltage  in  output  from  the  low-pass  filter  3. 

The  fuzzy  controller  5,  by  accepting  as  input  the  voltage  z  which  is  proportional  to  the  phase  difference  produced 
by  the  phase  comparator  2,  generates  an  injection  signal  Vinj  which  is  added  to  the  signal  that  originates  from  the  filter 
3.  The  sum  of  the  two  signals  drives  the  voltage-controlled  oscillator  4,  acting  so  as  to  compensate  for  large  and  thus 

is  dangerous  variations  in  the  phase  error  z  that  accordingly  tend  to  cause  the  unlocking  of  the  PLL. 
The  fuzzy  controller  5,  whose  relation  Vinj-z  is  typically  nonlinear,  acts  by  using  signal  processing  based  on  fuzzy 

rules  according  to  the  method  described  earlier. 
Since  there  is  a  single  input  of  the  fuzzy  controller,  i.e.  the  phase  error  z,  and  a  single  output  constituted  by  the 

injection  voltage  Vinj,  which  is  added  to  the  voltage  in  output  from  the  low-pass  filter  3,  two  fuzzy  variables  are  introduced. 
20  Examples  of  membership  functions  are  shown  in  figure  1  3.  For  the  input  signal  z  there  are  three  trapezoidal  mem- 

bership  functions:  NORMAL,  ABNORMAL,  and  CRITICAL,  which  represent  the  various  states  of  the  phase  difference  z. 
Three  triangular  membership  functions,  LOW,  MEDIUM,  and  HIGH,  have  instead  been  developed  for  the  voltage 

injection  signal  Vinj. 
Said  membership  functions  are  stored  in  the  fuzzification  means  of  the  fuzzy  controller  5. 

25  A  series  of  fuzzy  rules  that  are  characteristic  of  the  behavior  of  the  circuit  to  be  obtained  is  then  developed. 
An  example  of  these  rules  is  the  following: 

rule  1  :  IF  phage  error  IS  NORMAL 
THEN  voltage  injection  IS  LOW 

30 
rule  2:  IF  phase  error  IS  ABNORMAL 

THEN  voltage  injection  IS  MEDIUM 

rule  3:  IF  phase  error  IS  CRITICAL 
35  THEN  voltage  injection  IS  HIGH 

These  rules  are  stored  in  the  fuzzy  inference  means  of  the  fuzzy  controller  5. 
The  inference  means  apply  to  the  fuzzy  rules,  in  the  above  described  manner,  the  measured  values  of  the  phase 

difference  z  and  the  corresponding  membership  functions  so  as  to  obtain  a  consequent  of  the  fuzzy  rules. 
40  The  weights  Q  of  the  antecedents  are  calculated,  in  the  above  described  manner,  by  weight  calculation  means  of 

the  fuzzy  controller  5. 
Defuzzification  means  of  the  fuzzy  controller  5  extract  crisp  values  of  the  voltage  injection  signal  Vinj  on  the  basis 

of  the  calculated  weights  Q  and  of  the  results  of  the  rules. 
The  defuzzification  method  can  be  any  one  among  those  described  earlier  (MAX/MI  N,  MAX/DOT). 

45  The  crisp  values  can  be  calculated  by  means  of  the  centroid  method  described  earlier. 
The  circuit  executed  according  to  the  present  invention  considerably  improves  the  lock-in  range  AwL.  Practical 

tests  that  have  been  conducted  have  furthermore  demonstrated  that  locking  times  are  shorter  than  those  of  the  con- 
ventional  structure  described  earlier. 

In  order  to  better  understand  the  operating  principle  of  the  new  structure,  reference  should  be  made  to  figure  12, 
so  which  plots  the  frequency  spectra  of  a  conventional  PLL  and  of  a  PLL  according  to  the  present  invention. 

Figures  12a,  12b,  and  12c  are  related  to  a  conventional  PLL  structure,  whereas  figures  12d,  12e,  and  12f  relate 
to  the  circuit  according  to  the  present  invention. 

While  the  locking  situations  shown  in  figures  12a  and  12b  coincide  in  both  cases,  since  they  indeed  correspond 
to  the  optimum  locking  situation,  it  is  evident  in  figure  1  2e  that  a  change  in  the  input  frequency  wg  entails  a  shift  of  the 

55  lock-in  range  AwL  in  the  case  of  the  circuit  according  to  the  present  invention.  This  occurs  because  the  input  frequency 
is  kept  within  the  lock-in  range.  This  does  not  occur  in  a  conventional  PLL,  where  the  lock-in  range  remains  anchored 
to  the  original  position,  as  shown  in  figure  12b. 

The  substantial  improvement  becomes  evident  by  comparing  figures  12c  and  12f.  In  the  case  of  figure  12c,  the 
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input  frequency  wg  is  outside  the  lock-in  range  AwL;  accordingly  the  subsequent  locking  occurs  (if  it  can)  with  cycle 
skips  and  in  a  relatively  long  time.  In  the  case  of  figure  12f,  by  using  the  circuit  according  to  the  present  invention 
locking  occurs  every  time  and  very  quickly  since  the  input  frequency  lies  always  within  the  proposed  lock-in  range. 

The  present  invention  accordingly  fully  achieves  the  intended  aim  and  objects. 
5  The  circuit  according  to  the  present  invention  is  able  to  produce  a  considerable  increase  in  the  lock-in  range, 

particularly  at  very  high  values,  with  respect  to  a  conventional  PLL. 
The  introduction  of  fuzzy  logic  allows  not  only  easy  hardware  implementation  of  the  control  surface,  but  also  the 

possibility  to  optimize  the  control  according  to  the  type  of  phase  comparator  that  is  used.  This  structure  is  furthermore 
equally  effective  even  in  the  presence  of  noise. 

10  Easy  implementation  is  linked  to  the  consideration  that  the  provision  of  nonlinear  curves,  suitable  to  produce  spe- 
cific  control  surfaces,  incurs  in  the  difficulty  of  implementing  desired  curves.  This  occurs  because  if  said  curves  are 
obtained  with  analog  methods  it  is  difficult  to  find  components  that  perform  the  desired  function  over  a  sufficiently  wide 
range;  if  instead  the  digital  approach  is  used,  one  encounters  the  circuital  complexity  in  the  necessary  A/D  and  D/A 
conversion  and  the  consequent  reduction  in  intervention  speed,  which  might  be  insufficient  for  the  very  fast  applications 

is  in  which  most  PLLs  must  operate  (telecommunications).  These  problems  are  avoided  with  the  circuit  and  the  related 
fuzzy  control  according  to  the  present  invention. 

The  invention  thus  conceived  is  susceptible  of  numerous  modifications  and  variations,  all  of  which  are  within  the 
scope  of  the  inventive  concept. 

Finally,  all  the  details  may  be  replaced  with  other  technically  equivalent  ones. 
20  In  practice,  the  materials  employed,  as  well  as  the  shapes  and  dimensions,  may  be  any  according  to  the  require- 

ments  without  thereby  abandoning  the  protective  scope  of  the  appended  claims. 
Where  technical  features  mentioned  in  any  claim  are  followed  by  reference  signs,  those  reference  signs  have  been 

included  for  the  sole  purpose  of  increasing  the  intelligibility  of  the  claims  and  accordingly  such  reference  signs  do  not 
have  any  limiting  effect  on  the  scope  of  each  element  identified  by  way  of  example  by  such  reference  signs. 

25 

Claims 

1.  Phase-lock  circuit  with  fuzzy  control,  which  comprises  a  phase  comparator  (2)  whose  output  is  connected  to  a  low- 
so  pass  filter  (3),  said  low-pass  filter  (3)  being  suitable  to  drive  a  voltage-controlled  oscillator  (4),  said  phase  compa- 

rator  (2)  being  suitable  to  generate  a  signal  (z)  that  represents  the  phase  difference  between  an  input  signal  (x) 
and  a  signal  (y)  generated  by  said  oscillator,  said  oscillator  (4)  being  driven  by  fuzzy  control  means  (5)  characterized 
in  that  the  input  of  said  fuzzy  control  means  (5)  is  said  signal  (z)  representing  said  phase  difference. 

35  2.  Circuit  according  to  claim  1  ,  characterized  in  that  it  comprises  an  adder  node  (6)  which  is  interposed  between  said 
filter  (3)  and  said  oscillator  (4),  said  adder  node  (6)  being  suitable  to  add  a  first  control  signal  (Vinj)  generated  by 
said  fuzzy  control  means  (5)  and  a  second  control  signal  generated  by  said  filter. 

3.  Circuit  according  to  one  or  more  of  the  preceding  claims,  characterized  in  that  said  fuzzy  control  means  (5)  comprise 
40  fuzzification  means  which  are  suitable  to  generate  membership  functions  for  said  signal  (z)  that  represents  said 

phase  difference. 

4.  Circuit  according  to  claim  2,  characterized  in  that  said  fuzzy  control  means  (5)  comprise  fuzzification  means  which 
are  suitable  to  generate  membership  functions  for  said  first  control  signal  (Vinj). 

45 
5.  Circuit  according  to  claim  4,  characterized  in  that  said  fuzzy  control  means  (5)  comprise  fuzzy  inference  means 

which  are  suitable  to  store  fuzzy  inference  rules  and  to  apply  said  membership  functions  and  values  of  said  signal 
(z)  that  represents  said  phase  difference  to  said  fuzzy  inference  rules. 

so  6.  Circuit  according  to  claim  5,  characterized  in  that  said  fuzzy  control  means  (5)  comprise  defuzzification  means 
which  are  suitable  to  extract  real  values  of  said  first  control  signal  (Vinj)  from  the  results  obtained  by  said  fuzzy 
inference  means. 

7.  Control  process  for  phase-lock  loop  circuits  which  comprise  a  phase  comparator  (2),  a  low-pass  filter  (3),  and  a 
55  voltage-controlled  oscillator  (4),  said  phase  comparator  (2)  being  capable  of  generating  a  signal  (z)  that  represents 

the  phase  difference  of  an  input  signal  (x)  and  of  a  signal  (y)  generated  by  said  oscillator  (4),  said  filter  (3)  receiving 
said  phase  difference  signal  (z)  in  input  and  being  suitable  to  drive  said  oscillator  (4)  with  a  first  control  signal, 
characterized  in  that  it  comprises  the  following  steps: 
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measuring  said  signal  (z)  that  represents  the  phase  difference; 
applying  fuzzy  control  to  said  signal  (z)  that  represents  the  phase  difference,  so  as  to  generate  a  second 
control  signal  (Vinj)  which  is  added  to  said  first  control  signal. 

5  8.  Process  according  to  claim  7,  characterized  in  that  said  step  for  the  application  of  the  fuzzy  control  includes  the 
step  of  generating  membership  functions  for  said  signal  (z)  that  represents  said  phase  difference  and  for  said 
second  control  signal  (Vinj). 

9.  Process  according  to  claim  7,  characterized  in  that  said  step  for  the  application  of  the  fuzzy  control  includes  the 
10  fuzzy  inference  step,  during  which  values  of  said  signal  (z)  that  represents  said  phase  difference  and  said  mem- 

bership  functions  are  applied  to  fuzzy  inference  rules. 

10.  Process  according  to  claim  9,  characterized  in  that  said  step  for  the  application  of  the  fuzzy  control  includes  the 
defuzzification  step,  which  is  suitable  to  extract  real  values  of  said  second  control  signal  (Vinj)  from  the  results 

is  obtained  by  said  fuzzy  inference  step. 

Patentanspriiche 

20  1.  Phasenregelkreis  mit  einer  Fuzzy-Steuerung,  welche  einen  Phasenkomparator  (2)  umfaBt,  dessen  Ausgang  an 
ein  TiefpaBfilter  (3)  angeschlossen  ist,  wobei  das  TiefpaBfilter  (3)  geeignet  ist,  einen  spannungsgesteuerten  Os- 
zillator  (4)  anzusteuern,  wobei  der  Phasenkomparator  (2)  geeignet  ist,  ein  Signal  (z)  zu  erzeugen,  das  die  Pha- 
sendifferenz  zwischen  einem  Eingangssignal  (x)  und  einem  von  dem  Oszillator  erzeugten  Signal  (y)  darstellt, 
wobei  der  Oszillator  (4)  durch  eine  Fuzzy-Steuerungseinrichtung  (5)  angesteuert  wird, 

25  dadurch  gekennzeichnet,  dal3  das  Eingangsignal  der  Fuzzy-Steuerungseinrichtung  (5)  das  Signal  (z)  ist,  das  die 
Phasendifferenz  darstellt. 

2.  Schaltung  nach  Anspruch  1  , 
dadurch  gekennzeichnet,  dal3  sie  einen  Additionsknoten  (6)  aufweist,  welcher  zwischen  dem  Filter  (3)  und  dem 

30  Oszillator  (4)  eingefugt  ist,  wobei  der  Additionsknoten  (6)  geeignet  ist,  ein  durch  die  Fuzzy-Steuerungseinrichtung 
(5)  erzeugtes  erstes  Steuerungssignal  (Vinj)  und  ein  durch  das  Filter  erzeugtes  zweites  Steuerungssignal  zu  ad- 
dieren. 

3.  Schaltung  nach  einem  oder  mehreren  der  vorstehenden  Anspruche, 
35  dadurch  gekennzeichnet,  dal3  die  Fuzzy-Steuerungseinrichtung  (5)  eine  Fuzzyfizierungseinrichtung  aufweist,  wel- 

che  geeignet  ist,  Mitgliedsfunktionen  fur  das  Signal  (z)  zu  erzeugen,  das  die  Phasendifferenz  darstellt. 

4.  Schaltung  nach  Anspruch  2, 
dadurch  gekennzeichnet,  dal3  die  Fuzzy-Steuerungseinrichtung  (5)  eine  Fuzzyfizierungseinrichtung  umfaBt,  wel- 

40  che  geeignet  ist,  Mitgliedsfunktionen  fur  das  erste  Steuerungssignal  (Vinj)  zu  erzeugen. 

5.  Schaltung  nach  Anspruch  4, 
dadurch  gekennzeichnet,  dal3  die  Fuzzy-Steuerungseinrichtung  (5)  eine  Fuzzy-Ableitungseinrichtung  umfaBt,  wel- 
che  geeignet  ist,  Fuzzy-Ableitungsregeln  zu  speichern  und  diese  Fuzzy-Ableitungsregeln  auf  die  Mitgliedsfunk- 

45  tionen  und  Werte  des  Signals  (z)  anzuwenden,  das  die  Phasendifferenz  zu  den  Fuzzy-Ableitungsregeln  darstellt. 

6.  Schaltung  nach  Anspruch  5, 
dadurch  gekennzeichnet,  dal3  die  Fuzzy-Steuerungseinrichtung  (5)  eine  De-Fuzzyfizierungseinrichtung  aufweist, 
welche  geeignet  ist,  Realwerte  des  ersten  Steuerungssignals  (Vinj)  aus  den  Ergebnissen  zu  extrahieren,  die  von 

so  der  Fuzzy-Ableitungseinrichtung  erhalten  werden. 

7.  Steuerungsverfahren  fur  Phasenregelkreisschaltungen,  welche  einen  Phasenkomparator  (2)  umfassen,  ein  Tief- 
paBfilter  (3)  und  einen  spannungsgesteuerten  Oszillator  (4),  wobei  der  Phasenkomparator  (2)  in  der  Lage  ist,  ein 
Signal  (z)  zu  erzeugen,  das  die  Phasendifferenz  eines  Eingangssignals  (x)  und  eines  durch  den  Oszillator  (4) 

55  erzeugten  Signals  (y)  darstellt,  wobei  das  Filter  (3)  das  Phasendifferenzsignal  (z)  am  Eingang  empfangt  und  ge- 
eignet  ist,  den  Oszillator  (4)  mit  einem  ersten  Steuerungssignal  anzusteuern, 
dadurch  gekennzeichnet,  da!3  er  die  folgenden  Schritte  umfaBt: 

8 
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Messen  des  Signals  (z),  das  die  Phasendifferenz  darstellt; 
Anwenden  der  Fuzzy-Steuerung  auf  das  Signal  (z),  das  die  Phasendifferenz  darstellt,  um  ein  zweites  Steue- 
rungssignal  (Vinj)  zu  erzeugen,  welches  zu  dem  ersten  Steuerungssignal  addiert  wird. 

5  8.  Verfahren  nach  Anspruch  7, 
dadurch  gekennzeichnet,  dal3  der  Schritt  der  Anwendung  der  Fuzzy-Steuerung  den  Schritt  beinhaltet,  Mitglieds- 
funktionen  fur  das  Signal  (z),  das  die  Phasendifferenz  darstellt,  und  fur  das  zweite  Steuerungssignal  (Vinj)  zu 
erzeugen. 

10  9.  Verfahren  nach  Anspruch  7, 
dadurch  gekennzeichnet,  dal3  der  Schritt  der  Anwendung  der  Fuzzy-Steuerung  den  Fuzzy-Ableitungsschritt  be- 
inhaltet,  in  welchem  auf  Werte  des  Signals  (z),  das  die  Phasendifferenz  darstellt,  und  die  Mitgliedsfunktionen 
Fuzzy-Ableitungsregeln  angewendet  werden. 

is  10.  Verfahren  nach  Anspruch  9, 
dadurch  gekennzeichnet,  dal3  der  Schritt  fur  die  Anwendung  der  Fuzzy-Steuerung  den  De-Fuzzyfizierungsschritt 
beinhaltet,  welcher  geeignet  ist,  Realwerte  des  zweiten  Steuerungssignals  (Vinj)  aus  den  Ergebnissen  zu  extra- 
hieren,  die  durch  den  Fuzzy-Ableitungsschritt  erhalten  werden. 

20 
Revendications 

1.  Circuit  a  verrouillage  de  phase  a  commande  en  logique  floue,  comprenant  un  comparateur  de  phase  (2)  dont  la 
sortie  est  connectee  a  un  filtre  passe-bas  (3),  le  filtre  passe-bas  (3)  etant  propre  a  commander  un  oscillateur  a 

25  commande  en  tension  (4),  le  comparateur  de  phase  (2)  etant  propre  a  produire  un  signal  (z)  qui  represente  la 
difference  de  phase  entre  un  signal  d'entree  (x)  et  un  signal  (y)  produit  par  I'oscillateur,  I'oscillateur  (4)  etant  com- 
mande  par  un  moyen  de  commande  floue  (5),  caracterise  en  ce  que  I'entree  du  moyen  de  commande  floue  (5) 
est  le  signal  (z)  representant  ladite  difference  de  phase. 

30  2.  Circuit  selon  la  revendication  1  ,  caracterise  en  ce  qu'il  comprend  un  noeud  additionneur  (6)  interpose  entre  le  filtre 
(3)  et  I'oscillateur  (4),  le  noeud  additionneur  (6)  etant  propre  a  ajouter  un  premier  signal  de  commande  (Vinj)  produit 
par  le  moyen  de  commande  floue  (5)  et  un  second  signal  de  commande  produit  par  le  filtre. 

3.  Circuit  selon  une  ou  plusieurs  des  revendications  precedentes,  caracterise  en  ce  que  le  moyen  de  commande 
35  floue  (5)  comprend  des  moyens  de  mise  en  flou  qui  sont  propres  a  produire  des  fonctions  d'appartenance  pour  le 

signal  (z)  qui  represente  la  difference  de  phase. 

4.  Circuit  selon  la  revendication  2,  caracterise  en  ce  que  le  moyen  de  commande  floue  (5)  comprend  des  moyens 
de  mise  en  flou  qui  sont  propres  a  produire  des  fonctions  d'appartenance  pour  le  premier  signal  de  commande  (Vinj). 

40 
5.  Circuit  selon  la  revendication  4,  caracterise  en  ce  que  le  moyen  de  commande  floue  (5)  comprend  des  moyens 

d'inference  floue  qui  sont  propres  a  stocker  des  regies  d'inference  et  a  appliquer  les  fonctions  d'appartenance  et 
les  valeurs  des  signaux  (z)  qui  represented  la  difference  de  phase  aux  regies  d'inference  floue. 

45  6.  Circuit  selon  la  revendication  5,  caracterise  en  ce  que  le  moyen  de  commande  floue  (5)  comprend  des  moyens 
de  sortie  du  flou  qui  sont  propres  a  extraire  des  valeurs  reelles  du  premier  signal  de  commande  (Vinj)  a  partir  des 
resultats  obtenus  par  les  moyens  d'inference  floue. 

7.  Procede  de  commande  de  circuit  a  verrouillage  de  phase  comprenant  un  comparateur  de  phase  (2),  un  filtre  passe- 
50  bas  (3)  et  un  oscillateur  a  commande  en  tension  (4),  le  comparateur  de  phase  (2)  etant  apte  a  produire  un  signal 

(z)  qui  represente  la  difference  de  phase  d'un  signal  d'entree  (x)  et  d'un  signal  (y)  produit  par  I'oscillateur  (4),  le 
filtre  (3)  recevant  le  signal  de  difference  de  phase  (z)  en  entree  et  etant  propre  a  piloter  I'oscillateur  (4)  par  un 
premier  signal  de  commande,  caracterise  en  ce  qu'il  comprend  les  etapes  suivantes  : 

55  mesurer  le  signal  (z)  qui  represente  la  difference  de  phase  ; 
appliquer  la  commande  floue  au  signal  (z)  qui  represente  la  difference  de  phase  de  facon  a  produire  un  second 
signal  de  commande  (Vinj)  qui  est  ajoute  au  premier  signal  de  commande. 
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Procede  selon  la  revendication  7,  caracterise  en  ce  que  I'etape  d'application  de  la  commande  floue  comprend 
I'etape  de  generation  de  fonctions  d'appartenance  pour  le  signal  (z)  qui  represente  la  difference  de  phase  et  pour 
le  second  signal  de  commande  (Vinj). 

Procede  selon  la  revendication  7,  caracterise  en  ce  que  I'etape  d'application  de  la  commande  floue  comprend 
I'etape  d'inference  floue  pendant  laquelle  des  valeurs  du  signal  (z)  qui  represented  la  difference  de  phase  et 
lesdites  fonctions  d'appartenance  sont  appliquees  aux  regies  d'inference  floue. 

Procede  selon  la  revendication  9,  caracterise  en  ce  que  I'etape  d'application  de  la  commande  floue  comprend 
I'etape  de  sortie  du  flou  qui  est  propre  a  extraire  des  valeurs  reelles  du  second  signal  de  commande  (Vinj)  des 
resultats  obtenus  par  I'etape  d'inference  floue. 
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MEMBERSHIP 

ALPHA  bELTA, 

J = r q . 5  
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